Mesoscopic-Functionalization of Silk Fibroin with Gold Nanoclusters Mediated by Keratin and Bioinspired Silk Synapse by Yao Xing et al.
(1 of 11) 1702390© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.small-journal.com
Mesoscopic-Functionalization of Silk Fibroin with Gold 
Nanoclusters Mediated by Keratin and Bioinspired  
Silk Synapse
Yao Xing, Chenyang Shi, Jianhui Zhao, Wu Qiu, Naibo Lin, Jingjuan Wang,  
Xiao Bing Yan,* Wei Dong Yu, and Xiang Yang Liu*
DOI: 10.1002/smll.201702390
Silk fibroin (SF) offers great opportunities in manufacturing biocompatible/
partially biodegradable devices with environmental benignity and biomedical 
applications. To obtain active SF devices of next generation, this work is to 
demonstrate a new functionalization strategy of the mesoscopic functionalization 
for soft materials. Unlike the atomic functionalization of solid materials, the meso-
functionalization is to incorporate meso-dopants, i.e., functional molecules or 
nanomaterials, quantum dots, into the mesoscopic networks of soft materials. In 
this work, wool keratin (WK) molecules were adopted as mediating molecules to 
incorporate gold nanoclusters (AuNCs), into the mesoscopic networks of SF. It 
follows from our analyses that the β-crystallites between WK and SF molecules 
establish the binding between WK@AuNCs and the SF networks. The incorporated 
WK@AuNCs are electron rich and serve as electronically charged nano particles 
to bridge the growth of Ag filaments in bio-degradable WK@AuNCs–SF 
memristors. The meso-functionalization can greatly enhance the performance of 
SF materials and endows them with new functionalities. This can be highlighted by 
biocompatible/partly degradable WK@AuNCs functionalized SF resistive random-
access memories, having the enhanced resistive switching memory performance, 
and the unique synapse characteristics and the capability of synapse learning 
compared with neat SF devices, and of great importance in nonvolatile memory, 
analog circuits, and neuromorphic applications.
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1. Introduction
Due to the excellent properties, i.e., biocompatibility, elec-
tric insulation, wide optical window, controllable mechanical 
properties, and bio-degradability etc., silk fibroin (SF) is 
considered to be ideal materials for developing flexible and 
biocompatible devices, such as bio-thin film transistors, bio-
displays and light-emitting devices, and organic photovol-
taics, etc.[1] Nevertheless, to fabricate the SF devices of next 
generation, SF should be functionalized to acquire some 
extraordinary performance, i.e., semiconducting, light emis-
sion, non-linear optics, etc. We notice that the functionaliza-
tion of solid (or crystalline) materials is normally achieved 
by doping other elements into or between the atoms of the 
mother phase (so-called “atomic functionalization”).[2] On 
the other hand, the functionalization of soft materials should 
adopt a different strategy. As indicated by the recent research, 
the macroscopic performance of soft materials is determined 
by the mesoscopic structure.[3] Therefore, functionalization 
ought to be implemented at the mesoscopic scale. In com-
parison with atomic functionalization for solid materials, a 
new strategy of mesoscopic functionalization (or meso-func-
tionalization) for soft materials should be developed. It is 
found that many soft materials, in particular supramolecular 
materials, are of hierarchical networks structures.[1] Then, the 
meso-functionalization is to incorporate functional compo-
nents, i.e., functional molecules or nanomaterials, quantum 
dots, into the mesoscopic networks of soft materials.
This work is to explore the new materials strategy of 
meso-functionalization for SF materials. It is to endow them 
with additional extraordinary properties without jeopardi-
zing the original performance of the materials.[4] Therefore, 
the basic requirements for meso-functionalization are as 
follows: (1) the size of meso-dopants should fit in well with 
the meshes of the mesoscopic networks of SF materials. In 
this sense, the knowledge on the mesoscopic structure of the 
materials is crucial; (2) in order to acquire the stable and 
uniform performance, the linkage or binding between meso-
dopants and the soft materials should be established. In this 
concern, the functional components (or meso-dopants) to be 
incorporated are gold nanoclusters (AuNCs). In this process, 
a mediating molecule will be employed to deliver and bind 
the meso-dopants into the networks of SF materials. In this 
concern, wool keratin (WK) molecules will be adopted as 
such mediating molecules.
Due to the hierarchical mesoscopic network structure of 
SF materials, and the electronic and optoelectronic properties 
of SF materials functionalized with AuNCs will be taken as 
an active functional material to fabricate a new type of bio-
compatible/partially degradable electronic devices, SF resis-
tive switching memories (RRAM). RRAM are a type of the 
next-generation nonvolatilization memories and arithmetic 
devices, which have attracted attention in recent years.[5] 
The conventional RRAM based on a solid–electrolyte insu-
lator is a promising nanoscale device and of a great poten-
tial in nonvolatile memory, analog circuits, and neuromorphic 
applications.[5] On the other hand, the full biocompatible/
partially degradable SF–RRAM will fulfill the requirements 
for chronically implanted, high-resolution medical devices. 
The latest studies[6] demonstrated that neat SF-based devices 
reveal some characteristics of resistive switching (RS). Then, 
after functionalization with AuNCs, whether SF based mem-
ristors will reveal significantly enhanced RS performance or 
some exceptional functions remains to be examined. Apart 
from this, the good biocompatible, and the longer wave-
length fluorescent emission by AuNCs will be applied to 
examine the biocompatibility of WK@AuNCs–SF materials 
via bioimaging.
2. Results and Discussion
2.1. WK Molecular Mediating Meso-Functionalization of SF 
Materials with AuNCs
As mentioned before, one of the key steps of meso-func-
tionalization is to enclose and bind functional molecules/
nanoparticles into the mesoscopic network structure of soft 
materials.[1,3] As indicated by recent study, WK molecules 
can synergistically interact with SF molecules to form the 
mixed β-crystallites between the two molecule networks.[4] 
This may fix WK molecules within SF networks. Therefore, 
WK molecules were taken as mediating molecules in meso-
functionalization based on the synergistic interactions with 
SF molecules.[3,4] In meso-functionalization of SF molecules, 
mercapto groups (SH) in WK molecules will chelate and 
reduce Au3+ into AuNCs inside the WK molecules, which will 
be further encapsulated and stabilized by the WK molecules. 
The synthesis of WK@AuNCs can be obtained as indicated 
in the Experimental section. In this regard, WK molecules 
are employed as active molecular nano-cages to synthesize 
AuNCs in-line and as mediating molecules to incorporate 
them into the mesoscopic structure of SF materials.
The active molecular nano-cages of WK were imaged 
by Figure 1A. This effect allows WK@AuNCs to accumu-
late a high density of WK@AuNCs without jeopardizing the 
stability. This can be seen from the fact that WK@AuNCs 
acquire a high fluorescent intensity without suffering the 
fluorescent quenching (cf. Figure S1 in Supporting Informa-
tion). The molecular nano-cage effect of WK molecules leads 
to the uniform dispersion of WK@AuNCs in the SF networks 
(Figure 1A) and the stable fluorescent emission of AuNCs in 
both the solution and solid states.
We notice that WK@AuNCs can accumulate electrons at 
the surfaces, which can also been verified by our atomic force 
microscopy (AFM) imaging and potential mapping. The sur-
faces of WK@AuNCs are of much lower surface potential 
than the media (Figure 1B). In this sense, WK@AuNCs can 
be considered as electronically charged nano particles. As 
a consequence, WK@AuNCs will lead to the quantum con-
finement effect by the free electrons at the surfaces of WK@
AuNCs, giving rise to the fluorescent emission of AuNCs 
under UV light (cf. Figure S1 in the Supporting Information). 
The functionalization of electronically charged nano par-
ticles of AuNCs to SF materials will also endow them with 
different functions. This can be demonstrated by the fabrica-
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To functionalize SF materials with WK@AuNCs, a neat SF 
solution was mixed with a WK@AuNCs solution at different 
ratios. The mixed solutions were spun coated and dry natu-
rally to form the films of various thickness.[4] Au0–Au5 refers 
to the sponges with the contents of WK@AuNCs from 0 to 
50 wt%, which appear to be similar color as in the solution 
counterparts mentioned above under nature light or 365 nm 
UV light (cf. Figure S1 in the Supporting Information).
WK@AuNCs in SF materials were studied by AFM 
and high-resolution transmission electronic microscope 
(HRTEM) images. AFM topographic image (Figure 1A-a) 
was performed on the surface of the samples. Within the 
scanning region, WK@AuNCs in a SF film have the relatively 
smooth surface with a roughness of ≈2 nm. Besides, the size 
of WK@AuNCs complexes on SF films was ≈70 nm with a 
narrow size distribution (Figure 1A-b), which agrees with the 
results from AFM image (Figure 1A-a). Meanwhile, the (111) 
plane of a metallic AuNCs was observed based on the fact 
that the crystal lattice fringes are 0.235 nm (Figure 1A-c).[7] 
We also notice that individual AuNCs occur to be approxi-
mate 7 nm (in diameter) with WK@AuNCs complexes. 
Therefore, WK molecules will serve as self-active molecular 
nano cages to encapsulate WK@AuNCs and no quenched 
between AuNCs was observed. In addition to the nano-caging 
effect, the size of WK@AuNCs in SF materials is larger than 
that of WK@AuNCs. This indicates the multiple encapsula-
tion of AuNCs by WK molecules. Here, the WK coating layer 
on AuNCs can also facilitate post synthesis surface modifica-
tions with functional ligands. Here the fluorescent emission 
of AuNCs can be utilized to identify the distribution in the 
ambient phase, and to characterize the effect of meso-func-
tionalization in SF materials.
2.2. Mediation of WK Based on the Synergistic Interactions 
between WK@AuNCs and SF Molecules
One of the important factors in meso-functionalization is to 
bind the functional components to the mesoscopic networks 
of soft materials. In this case, fourier transform infrared 
(FTIR) spectra was applied to examine the intermolecular/
intramolecular interactions between WK and SF, and the 
impact on the secondary structure. SF consists of silk I, silk 
II, and silk III.[1,8] Silk I denotes an unstable and soluble 
small 2017, 1702390
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Figure 1. AFM and EM microscopic results of WK@AuNCs functionalized SF materials. A-a) AFM image of WK@AuNCs (20 wt%) encapsulated in SF 
materials. The volume ratio of WK@AuNCs and SF solutions is 1:2. A-b) TEM image of WK@AuNCs in SF materials. A-c) HRTEM image of WK@AuNCs. 
(B) The electric potential images of a SF film functionalized by WK@AuNCs (dot line circles). WK@AuNCs are (a) of a size of ≈70 nm and b) a much 
lower electric potential due to the accumulation of electrons at the surfaces. (The applied voltage: 500 mV, and the gap between the tip and the 
sample: 100 nm).
full papers
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form, i.e., α-helices and β-turns, while silk II, 
the stable and insoluble form, has antiparallel 
β-conformation (β-sheets and β-crystalline). 
Silk III is formed mainly in solutions of SF at 
an interface (i.e., air–water interface, water–oil 
interface, etc.).[9] The WK secondary struc-
ture, similar to Silk I form, consists of basic 
α-helices, β-sheets, and random coils.[10] The 
characteristic vibrational bands of SF materials 
for amide I (Silk I, Silk II, and random coils) 
can be found in the region of 1700–1480 cm−1. 
The characteristic peaks of silk I in amide I are 
from 1638 to 1655 cm−1. On the other hand, 
the adsorption peaks at 1616–1637 cm−1 refer 
to the conformations of silk II. As shown by 
Figure 2A-a, the WK@AuNCs–SF sponges and 
films of SF and WK@AuNCs show the charac-
teristic absorption peaks at 1648 and 1626 cm−1 
in the FTIR spectra. The sponge Au0 shows 
one strong peak at 1626 cm−1 (silk II) 
with a shoulder at 1648 cm−1 (silk I). For 
sponges Au1–Au3, two peaks at 1626 cm−1 
and 1648 cm−1 show up, indicating that the 
structures of SF still dominate those in WK@
AuNCs–SF sponges. After more than 30 wt% 
WK@AuNCs were added to SF sponges, the 
characteristic peak of 1626 cm−1 decreases 
and the adsorption peak at 1648 cm−1 arises 
gradually with WK@AuNCs. The added WK@
AuNCs will replace some SF in the complexes, 
which reduces the β-sheets.
small 2017, 1702390
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Figure 2. Secondary structural analysis to explain the 
synergetic inter-connections (or bridging) between 
WK@AuNCs and SF networks by mixed β-crystallites. 
A-a) FTIR spectra of sponges Au0–Au5 in the regions at 
1720–1480 cm−1. The blue-shift from β-sheet to α-helix 
occurs with the WK@AuNCs content. A-b) XRD of Au0–
Au5 reveals the crystalline structure changes (Silk II) of 
WK@AuNCs–SF sponges at different ratios. From Au0–
Au5, the crystalline structure changes can be identified 
via the peak shifting from 2θ = 20.8° to 2θ = 22.5°, and 
the broadening of this characteristic peak around 2θ = 
22.5°. A-c) The comparison among the main secondary 
structures of WK@AuNCs–SF materials, the estimated 
values, and the actual experimental results. Mixing SF 
with WK@AuNCs solutions promotes the formation of 
β-conformations, in particular, β-crystallite via self-
templated nucleation.[2,3] The increments of the total 
β-conformations and β-crystallinity at different ratios 
are illustrated in A-d). It follows that the structural 
synergy leads to the formation of more β-crystallites. 
B) A scheme revealing the interaction and linkage 
between silk nanofibril networks and WK@AuNCs 
complexes. The interactions between the β-sheets 
in SF molecules and the α-helices of WK molecules 
from WK@AuNCs promote the formation of extra 
β-crystallites,[2,3] which provide the linkages (bridges) 
between silk nanofibril networks and WK@AuNCs. 
C) Schematic illustration of assembling AuNCs into SF 
nanofibril networks via mixed β-crystallites, the bridges 
between WK@AuNCs and SF nanofibril networks.
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The characterization of the β-crystalline of SF materials 
was carried out by X-ray diffraction (XRD) technology.[1,4] 
As displayed by Figure 2A-b, the peak of XRD appearing at 
22.5° can be assigned to silk I.[11] The peak intensity at 20.8° 
decreases while the one at 22.5° increases after adding WK@
AuNCs. The changes are attributed to the reduction of SF in 
the materials. In this concern, the widely dispersed peaks of 
both neat SF materials and SF materials functionalized by 
WK@AuNCs around 20.8° refer to the occurrence of the silk 
II structure.[11]
To investigate the synergetic interactions between WK@
AuNCs and SF, the secondary structure changes in WK@
AuNCs–SF hybrid materials were examined by FTIR 
spectra and XRD (see Figure S2 in the Supporting Infor-
mation). As indicated, neat SF films or sponges are of high 
percentage of the β-conformations (34.5%), while WK@
AuNCs have little β-conformations. Therefore, ideally 
mixing SF with WK@AuNCs should have reduce the total 
β-conformation (β-sheet + β-crystallite), while the percentage 
of α-helices and random coils should have arose linearly (cf. 
Table S1, Supporting Information). It is surprising to see 
from Figure 2 reveals that the actual percentage of the total 
β-conformations in the WK@AuNCs–SF materials is higher 
than the estimated from the ideal mixing of neat SF and 
WK@AuNCs. On the other hand, the content of α-helices 
in the WK@AuNCs–SF sponges/films is lower than the esti-
mated from ideal mixing. This implies that the synergetic 
interaction between SF and WK@AuNCs induces the forma-
tion of β-conformations.
Recently, the AFM force spectroscopic analysis for the 
β-crystallite stacking[2,12] reveals that β-sheets can tem-
plate the formation of β-crystallites, which gives rise to the 
β-crystallite molecular networks formation. This implies 
that once SF and WK@AuNCs are mixed, both WK and SF 
chains interact and are stacked with each other. Moreover, 
some of α-helices and random coil chains in WK molecules 
are re-folded and stacked along the pre-existing β-sheets 
under the templating effect. This leads to the formation of 
extra β-crystallites mixed by WK@AuNCs and SF mole-
cules.[13] As the formation of β-crystallites and β-crystallite 
networks results in the gelation of SF solutions, the extra 
β-crystallites due to the interactions between the two types 
of molecules can be further substantiated by the fact that 
mixing WK@AuNCs with SF solutions promotes the gelation 
of the SF solution (the gelation time reduces from 90.5 
to 69.5 h) (Figure S3 in the Supporting Information). The 
mixed β-crystallites actually serve as “crystallite bridges” 
to connect WK@AuNCs with the SF mesoscopic networks 
(Figure 2B,C).
2.3. RRAM/Bio-synapse Devices
There have been increasing interests to fabricate SF biocom-
patible/ partially degradable electronic devices. In this work, 
biocompatible/ partially degradable WK@AuNCs meso-
functionalized SF memristors were fabricated based on the 
unique characteristics of WK@AuNCs–SF materials. Note 
that the Ca2+ ions enter the pre-synaptic neuron that leads 
to secretion of neurotransmitters and thus change in conduct-
ance in the post-synaptic neuron. To mimic biological synapse, 
the electronic synapse changes its conductance through Ag+ 
ions migration when the input impulses are imposed. In this 
context, WK@AuNCs–SF was adopted as an active medium 
to fabricate the silk-related memristor synapse devices. The 
design and an actual WK@AuNCs–SF memristor device are 
dispatched by Figure 3A.
In order to make a comparison with WK@AuNCs–SF 
memristors, the Ag/neat-SF/ indium tin oxide (ITO) devices 
with the same configuration as Figure 3A were also fabri-
cated and the I–V and endurance characteristic were given in 
Figure 3B. For a Ag/WK@AuNCs–SF/ITO device, 100 cycles 
of current–voltage (I–V curves) between the high/low resist-
ance states (HRS/LRS) under a DC voltage sweeping mode 
(Figure 3C-a) indicate the more stable performance of the 
devices than the neat SF devices (Figure 3B-a). Similarly, the 
much smaller variation ranges of thresholding voltage and 
resistance shown in Figure 3C-b,c compared with the neat SF 
devices (Figure 3B-b,c) indicates that the performance of our 
functionalized SF devices are much more stable than the neat 
SF devices. Secondly, the set and reset thresholding voltage 
of Ag/WK@AuNCs–SF/ITO (≈0.3 and −0.3 V) (Figure 3C-b) 
are much lower than our neat SF devices (≈1.5 and −1 V) of 
the same configuration (Figure 3B-b), and also other neat 
SF based devices (cf. Table 1). Similarly, the set/reset voltage 
and the HRS and LRS of Ag/WK@AuNCs–SF/ITO are more 
stable than that of Ag/neat-SF/ITO devices (Figure 3B-b,c). 
This implies that our Ag/WK@AuNCs–SF/ITO devices 
require a much lower power consumption than the neat silk 
memristors reported. Moreover, the resistance ratio between 
the HRS and LRS can reach 102, also much larger than the 
neat SF ones (cf. Table 1).[14] This can avoid misreading 
operation and is beneficial for the memory applications in 
the peripheral circuits. In addition, the current–voltage (I–V) 
characteristic of resistance modulation in a cycle sweep 
voltage was obtained for the Ag/WK@AuNCs–SF/ITO 
device (Figure 3C-d). The HRS and LRS exhibit good sta-
bility in 20 different random devices shown in Figure S4-a 
(Supporting Information). The resistive value at the HRS 
and the LRS can be maintain for more than 1.4 × 104 s under 
0.01 V reading bias voltage, and the resistance values also 
show no obvious fluctuation after 4 months in Figure S4-b,c 
in the Supporting Information.
Initially, a continuous set (potentiation) with a consecu-
tive increase of the set stop voltage, and the resistance of 
the device gradually decreases from HRS to LRS. Then, a 
continuous reset (depression) with a consecutive increase 
of the magnitude of reset stop voltage was imposed, and the 
resistance of the device gradually arises from LRS to HRS. 
It follows that the resistance change picks up from the last 
resistance state. This implies that the Ag/WK@AuNCs–SF/
ITO memristors can be adopted as silk-based synapse devices, 
which have never been reported in the neat SF devices.
To further investigate the conduction modulation of 
memristors, the gradual conductance tuning property was 
also examined in the pulse stimulation mode (Figure 3C-e). 
This represents the synaptic weight modification in response 
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the conduction of the memristor increases gradually with 
the increase of the positive pulse train. On the contrary, if 
we change the polarity of pulse to negative, the conduction 
of the memristor decreases with the increase of the pulse 
train. According to the Hebbian learning rule, this spike-
timing-dependent plasticity (STDP) is a critical function for 
learning and memory. Biological STDP is triggered by the 
relative timing of pre- and post-synaptic spikes.[15] The STDP 
small 2017, 1702390
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Figure 3. Neat SF memristors vs. WK@AuNCs functionalized SF memristors and their performance/biodegradability. A-a) Schema of WK@AuNCs 
meso-functionalized silk memristor. A cover slip with a 70 nm ITO layer as the bottom electrode, was coated with a 15 nm WK@AuNCs–SF thin 
film. A-b) The Ag top electrodes of 90 µm in diameter were acquired by rotundity patterning by a shadow mask 70 nm Ag using the DC magnetron 
sputtering. A-c) The microscope photograph of Ag top electrode. A-d) AFM image of the surface of the WK@AuNCs–SF film. B-a) The I–V curve of 
the Ag/neat-SF/ITO device. The arrows mark the direction of voltage sweep.The set and reset voltage are larger than that’s Ag/WK@AuNCs–SF/
ITO device. B-b) Distribution of the SET and RESET voltages in Ag/neat-SF/ITO device. B-c) Distribution of the resistance at HRS and LRS of Ag/
neat-SF /ITO device. C-a) The 100 times I–V curve of Ag/WK@AuNCs–SF/ITO, measured by applying voltage to the top Ag electrode while keeping 
the ITO bottom electrode grounded. C-b) The distribution of set and reset voltage. C-c) The resistance distribution of device at HRS and LRS. 
C-d) The continuous modulation of device conduction. C-e) Potentiation and depression properties of device. The pulse scheme was designed 
for potentiation by positive pulses with 1 µs width, 1 µs interval and 0.6 V amplitude and depression by negative pulses with 1 µs width, 1 µs 
interval, and −0.8 V amplitude. C-f) The STDP characteristics of device. D) Biodegradation test of WK@AuNCs–SF memristors.The dissolution of a 
WK@AuNCs–SF memristor in a papain aqueous solution (0.5 mg mL−1) (right) in comparison with the one in pure water (left): D-a) the initial state, 
D-b) in the solution and in water, and D-c) after 40 min. The WK@AuNCs–SF memristor was dissolved completed by the papain solution while the 
one in water was stable. The video presentation for the experiment was given in Video S1 in Supporting Information.
Table 1. Comparison of performance of various SF-based memristors.





Set voltage 0.4 V 1 V 1.5 V 2 V 10 V
Reset voltage −0.2 V −3 V −0.5 V −1 V −10 V
Continuous modulation of conductance Yes No No No No
Dispersion of the resistance at HRS 5 × 103–2 × 104 Ω 6 × 104–5 × 109 Ω 1 × 103–1 × 108 Ω No statistics 2 × 102–1 × 104 Ω
Synapse characteristics: modulated by the pulse mode Yes No No No No
Synapse learning rule: spike-timing-dependent plasticity Yes No No No No
a)H. Wang, B. Zhu, X. Ma, Y. Hao, X. Chen. Small 2016, 12, 2715; b)H. Wang, Y. Du, Y. Li, W. R. Leow, Y. Li. Du Y, Li Y, Adv. Funct. Mater. 2015, 25, 3825; c)K. H. Mrinal, K. B. Milan, K Banani, 
C. K. Subhas, K. M. Chinmay, Adv. Funct. Mater. 2012, 22, 4493.
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characteristics of the Ag/WK@AuNCs–SF/ITO devices were 
measured using a biomorphic-action-potential-like waveform 
(Figure S5 in the Supporting Information), which was gener-
ated using: 
τ τ∆ = − ∆ > ∆ = − ∆ <+ + − −exp( / ), 0; exp( / ), 0W A t t W A t t  (1)
A is the amplitude and τ is the decay constant. The pre-
spike was sent to the Ag electrode and the post-spike was 
sent to the ITO electrode. The time difference between the 
spikes is denoted by Δt. Figure 3C-f shows the measurement 
and the fitting curves of the STDP synapse weight change ΔW, 
which is defined as the percentage change in the cell conduct-
ance after the STDP event.[16] The experimental data given 
in Figure 3C-f is well described by this function with A± = 
85.84/−140.25 and τ± = 6.67/−3.84 µs. It follows that if Δt is 
very large, the ΔW would be smaller and vice versa. And the 
pre-spikes procedes post-spikes, the net conduction change 
ΔW is positive and vice versa. The main feature is similar to 
biological synapse, and has never been achieved before.
To compare the Ag/WK@AuNCs–SF/ITO devices with 
neat SF ones, we summarize the key performance as follows 
(Table 1):
The controllable biodegradability of Ag/WK@AuNCs–
SF is demonstrated in a papain solution (5 mg mL−1) 
(cf. Figure 3D). The device can be dissolved in 40 min in the 
enzyme solution while remaining stable in pure water for 
long time. This implies that by adding some enzymes, the SF 
devices can be dissolved instantly.
The RS mechanism of the Ag/WK@AuNCs–SF/ITO 
device can be explored by the analysis of ln(I) vs. ln(V) 
curves. A linear relationship of the ln(I) and ln(V) of the 
device at LRS, and the slope is 1.01 (Figure 4A-a), which cor-
responds to ohmic contact. In HRS, the correlation between 
the ln(I) and ln(V) is linear as well (Figure 4A-b). Neverthe-
less, three intercepting regions were identified that the slope 
is 1.04 in Part I, 2.39 in Part II, 6.60 in Part III, respectively. 
This refers to the typical characteristics of space charge lim-
ited current (SCLC) mechanism.[17] The enhancement of the 
slope should be ascribed to the density and energy distribu-
tion of the traps. The resistive switching of Ag/WK@AuNCs–
SF/ITO can be explained by Figure 4B that the formation 
and rupture of Ag conductive filaments lead to the character-
istics of resistive switching. Figure 4B illustrates the structure 
of a fresh device of Ag/WK@AuNCs–SF/ITO. Unlike the 
traditional metallic filament conduction, the conductive fila-
ments develop across the AuNCs in the meso-functionalized 
Figure 4. The RS mechanism of Ag/WK@AuNCs–SF/ITO devices. A-a) and A-b) The fitting results of I–V at LRS and HRS, respectively. The conduction 
mechanism of LRS and HRS corresponds to ohmic contact and SCLC, respectively. B) Schema of the conduction mechanism of the Ag/WK@
AuNCs–SF/ITO device. B-a) AuNCs distributed in WK@AuNCs–SF. B-b) The conductive forming a path in the device at HRS. Ag ions move from the 
Ag electrode through the SF film toward the ITO electrode with the assistance of the AuNCs. B-c) The conductive path in the device at LRS. Ag ions 
bridged by the AuNCs are reduced in the ITO electrode. B-d) Rupture of the conductive path by applying negative voltage.
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SF films. When the positive voltage was applied onto the 
top electrode of the device, Ag atoms the electrode will be 
oxidized into Ag+ ions. In the meantime, the potential of 
the electric field is much lower around WK@AuNCs, the 
electronically charged nanoparticles (Figure 1B). They will 
inevitably attract Ag+ ions, and further reduce them to Ag 
atoms at the AuNCs (Figure 4B-b). This will then guide the 
growth of Ag filaments (or conductive paths). As raising the 
applied voltage, the Ag conductive paths continue to grow, 
till reaching the bottom ITO electrode (Figure 4B-c), and the 
device was switched from HRS to LRS.[18] While the polarity 
of the applied electric field is switched, the conductive fila-
ments dissolve gradually as shown in Figure 4B-d, leading to 
the enhancement of the resistance of device, and the device 
was switched back to LRS. Therefore, the WK@AuNCs serve 
as “nano piles” in guiding the formation and dissolution of 
Ag filaments.[18] Furthermore, the WK@AuNCs enhance the 
electronic intensity in SF films between the top and bottom 
electrode, giving rise to a much lower process voltage than 
neat SF devices.
2.4. Verification of the Biocompatibility of WK@AuNCs–SF 
Materials
In order to verify the biocompatibility of SF devices, WK@
AuNCs–SF sponges with the multi levels of porosity[19] were 
fabricated. In this case, the fluorescent emission by WK@
AuNCs can be adopted to endow WK@AuNCs–SF with 
bio-imaging/probing performance. Here, the mouse pre-
osteoblast cells were stained with Alexa Fluor 488 phalloidin 
(Figure 5).[4,19] Under laser scanning confocal microscopy 
(LSCM, Leica TCS SP2), the WK@AuNCs–SF sponge emits 
red fluorescence whereas the cells appear to be green. The 
interface between the sponge and cells can be visualized 
clearly. It follows that cells can grow well in the sponge 
manifests well, demonstrating the biocompatibility of WK@
AuNCs–SF materials.
3. Conclusions
In summary, meso-functionalization SF materials with WK@
AuNCs was achieved via the templated β-crystallites forma-
tion between WK and SF molecules. This endows SF with 
various added functionalities, with the vast opportunities in 
making completely new and active SF electronics, optoelec-
tronics, bio-sensors and probes of full biocompatibility/partial 
biodegradability. More specifically, WK@AuNCs function-
alized SF as a functional material for memristors delivers 
enhanced performance superior to the neat SF memristors in 
all aspects. In particular, the Ag/WK@AuNCs–SF/ITO mem-
ristors display for the first time the synapse characteristics 
and the capability of synapse learning. In general, meso-func-
tionalization endows SF materials with various added func-
tionalities, which provide us with the vast opportunities in 
making completely new and active SF electronics, optoelec-
tronics, bio-sensors and probes of full biocompatibility/partial 
biodegradability. These components/devices are fully com-
plied with the requirements in living tissue, enabling the kind 
of reliable biotic entities with moving, biological structures 
that will be required for biocompatible, with a controllably 
biopartially degradable and self-fluorescent emission devices 
for meditronic applications.
4. Experimental Section
Materials: Apart from wool fibers and silk fibers, all chemi-
cals are of analytical grade and used as received without further 
purification. Merino 64’s wool fibers and cocoons of Bombyx mori  
silkworm silk were obtained from Tongxiang Dushi Woolen 
Material Co., Ltd and Guangxi Sericulture Technology Co., Ltd, 
respectively. Chloroauric acid tetrahydrate (HAuCl4·4H2O, batch 
No. 1501071), sodium bicarbonate (NaHCO3, batch No. 1601221), 
and ethyl alcohol (C2H6O, batch No. 1601602) were from 
Sinopharm Chemical Reagent. Sodium dodecylsulfate (SDS, 
batch No. 1208212), sodium sulfide nanahydrate (Na2S·9H2O, 
batch No. 1505192), urea (batch No. 1605211), acetone (batch 
No. 1601141), and sodium hydroxide (NaOH, batch No. 161108) 
were obtained from Xilong Chemical Industry. Lithium bromide 
(LiBr, batch No.1623110) was provided by Aladdin Industrial 
Corporation. The water used in all experiments was ultrapure (the 
resistivity >18 MΩ cm−1).
Preparation of Regenerated WK Solution: WK was extracted 
according to reduction method.[3] 5 g pretreated wool fibers was 
mixed with a 100 mL aqueous solution containing urea (4 m), Na2S 
(0.1 m), and SDS (0.02 m). The mixed solution was stired at 50 °C 
for 12 h and then filtered by vacuum filtering. The filtrated stock 
was dialyzed against ultrapure water (18 MΩ) using a dialysis bag 
(Solarbio, molecular cut-off about 3500 Da) for 3 d. The dialysated 
solution was concentrated at 60 °C for 8 h, and the concentration 
of WK solutions was 5 wt% on average. The obtained WK solutions 
were stored at 4 °C before further usage.
Figure 5. Biocompatibility of meso-functionalized SF by WK@AuNCs. 
Bioimaging for the biocompatibility of WK@AuNCs meso-functionalized 
silk sponges by fluorescence confocal microscopy that the sponges can 
be imaged clearly in distinct against cells.
full papers
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Preparation of Regenerated Bombyx Mori SF Solutions: Bombyx 
mori SF was prepared according to the previous work.[3] Cocoons 
were boiled for 30 min in an aqueous solution of NaHCO3 (0.02 m) 
and then rinsed thoroughly using pure water to remove sericin. The 
degummed silk fibers were dissolved in a LiBr (9.3 m, 60 °C) solu-
tion for 4 h. Then the extraction was dialyzed in water (Solarbio, 
molecular weight cut-off of 3500 Da). The final Bombyx mori SF 
solution with concentration 7–8 wt% was stored at 4 °C before fur-
ther usage.
Preparation of WK@AuNCs: In a typical experiment, an 
aqueous HAuCl4 solution (5 mL, 10 × 10−3 m, 37 °C) was mixed 
with a WK solution (5 mL, 2.5 wt%) under vigorous stirring. Two 
minutes later, a NaOH solution (1 m, 0.5 mL) was added, and the 
mixture was placed at 37 °C for 12 h. The obtained WK@AuNCs 
were stored in 4 °C for later usage.
Preparation of WK@AuNCs–SF Films: WK@AuNCs–SF films 
were fabricated by a casting method.[3] A WK@AuNCs solution 
(2.5 wt%) was blended with a SF solution (2.5 wt%) at an volume 
ratio of 20:80. Then, a glycerol (2 wt%, 0.2 mL) was added into the 
WK@AuNCs–SF solutions. 2 mL of mixed solutions was cast in an 
uncovered release paper (2 cm × 2 cm) and dried at 25 °C for 48 h.
Preparation of WK@AuNCs–SF Sponges: WK@AuNCs func-
tionalized SF sponges were fabricated by freeze-drying.[1] A WK@
AuNCs solution was mixed with a SF solution (4 wt%) at various 
weight ratios of 0:100 (Au0), 10:90 (Au1), 20:80 (Au2), 30:70 
(Au3), 40:60 (Au4), and 50:50 (Au5), respectively. Then, the 
blended solution was poured into the Teflon disk-shaped molds 
(1 cm in diameter). The solutions were frozen at −20 °C for 24 h. 
The samples were placed in a vacuum drier for 48 h to obtain 3D 
porous functional sponges. The WK@AuNCs–SF sponges were 
obtained and named sponges Au0–Au5 based on of the ratios of 
WK@AuNCs:SF in mixed solutions.
Characterization of WK@AuNCs and WK@AuNCs–SF Mate-
rials: The photographs of WK@AuNCs were taken under nature 
light and under UV light (λ = 365 nm), respectively. The absorb-
ance and emission properties of WK@AuNCs were measured by 
UV–vis–near infrared spectrophotometry (Lambda 750, Perki-
nElmer) and Fluorescent spectroscopy (FluoroMax-4, HORIBA), 
respectively. The size and morphology of WK@AuNCs were 
recorded by transmission electronic microscope (JEM-2100F, 
JEOL, Japan), and to obtain a clear look at the WK@AuNCs–SF 
films, AFM (Multimode 8, Bruker, USA) was employed to obtain 
the surface features. The secondary structure of WK@AuNCs–SF 
sponges was analyzed by the Fourier transform infrared spectra 
(FTIR) using Thermo Scientific Nicolet iZ10 Spectrometer (Thermo 
Fisher, USA). The range of each measurement was from 500 to 
4000 cm−1 with 64 scans at resolution 4 cm−1. The secondary 
structure was also measured by XRD (Bruke D8 ADVANCE) with 
a beam size of 0.5 mm in the scope from 0 to 60°. Field emis-
sion gun scanning electron microscope (SEM, Hitachi SU70) were 
used to observe the cross-section morphologies of sponges with 
an accelerating voltage of 5 kV.
Preparation of WK@AuNCs Meso-Functionalized SF Memris-
tors: A 70 nm ITO layer, as the bottom electrode, was dipped on 
glass in our fabrication process. Then, 80 ± 4 nm WK@AuNCs–SF 
was deposited on the ITO by dip-and-coating. At the last, 70 nm 
Ag using the DC magnetron sputtering was deposited on the WK@
AuNCs–SF as a top electrode with 90 µm diameter of rotundity pat-
terned by a shadow mask.
Characterization of WK@AuNCs Meso-Functionalized SF Mem-
ristors: The I–V characteristics of the devices were carried out 
using the Keithley 4200-SCS semiconductor parameter analyzer at 
room temperature and atmospheric pressure.
Cell Culture and Fluorescence Imaging: Mouse pre-osteoblast 
cells (MC3T3-E1) were grown in minimum essential medium alpha 
with Eagle’s salts media (Hyclone) supplemented with 10% fetal 
bovine serum and 11% penicillinestreptomyc in tissue culture 
poly styrene (TCPS) dishes. The dishes were incubated at 37 °C in a 
standard cell-culture incubator ventilated with 5% CO2 in air. Cells 
were harvested from TCPS dishes at 80–100% confluence and pel-
leted at 1000 r min−1 to remove trypsin before next step.
Before immersed in the cells solution, the hybrid sponges 
were cut in pieces with a shaped of 5 × 5 × 1 mm and washed 
by 75% ethanol for 1 h. Then MC3T3-E1 cells were seeded at the 
center of each piece with a density of 5 × 105 cells per sponges 
and grown in cell culture media in the incubator. After 3 d, cells 
were stained by calcein-AM and observed by laser scanning con-
focal microscope (TCS SP5, Leica).
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